ABSTRACT Culex pipiens quinquefasciatus Say fed blood containing 6.8 Ϯ 0.3 logs (mean Ϯ SE) plaque-forming units of West Nile virus (WNV)/ml were maintained at 28ЊC for incubation periods (IP) of 7, 14, or 21 d. Several attributes of vector competence were determined at each IP using quantitative real-time reverse transcriptase polymerase chain reaction to estimate plaque forming unit equivalents including: infection rate (WNV-positive abdomens), dissemination rate (WNV-positive legs or thoraces), combined dissemination rate (WNV-positive legs and thoraces), transmission rate (WNV-positive saliva), and WNV titers in abdomens, legs, thoraces, and saliva. Each rate increased or was equivalent with increasing IP. Mosquitoes transmitting WNV in saliva also had signiÞcantly higher IP-dependent WNV titers in abdomens, legs, and thoraces. Titers of WNV in abdomens were signiÞcantly correlated with titers in legs and thoraces, but the degree of association changed with IP. However, titers of abdomens, legs, and thoraces were not correlated with WNV presence or titer in the saliva. The results show that WNV presence or titer in the saliva of infected Cx. p. quinquefasciatus was not directly inßuenced by processes involved in WNV replication in other tissues. The processes controlling midgut infection and escape are, in part, independent from the infection processes in other tissues. The relationship between infection, dissemination, and transmission varied over time. The infection and replication of WNV in different tissues is likely inßuenced by different barriers encountered during the extrinsic incubation period. The signiÞcance of these observations for understanding vector competence is discussed.
West Nile virus (WNV; family Flaviviridae: genus Flavivirus) emerged in the northeastern United States in 1999 and has been observed in 49 continental states (Centers for Disease Control [CDC] 2010). Although 62 mosquito species from 11 genera can become infected with WNV upon feeding on a viremic host (CDC 2007 , Brault 2009 ), less than half of these species have been shown to transmit WNV (Turell et al. 2005) . Investigations to understand how biological and environmental factors inßuence vector competence of the primary vectors are essential to determine the relative importance of different vectors in the epidemiology of West Nile (Hayes et al. 2005 , Blitvitch 2008 .
Vector-virus interactions that are important to vector competence mechanisms are complex. The virus must overcome midgut infection (MIB) and midgut escape (MEB) barriers, as well as salivary gland infection (SIB) and escape (SEB) barriers during the extrinsic incubation period (EIP) for subsequent transmission to a host (Hardy et al. 1983) .
Culex pipiens quinquefasciatus Say is one of the primary vectors of WNV in the United States (Sardelis et al. 2001 ). This species likely contributes to the maintenance, ampliÞcation, and early transmission of WNV in Florida as it feeds on both birds and mammals (Zinser et al. 2004 ) and is abundant during winter and spring (Provost 1969, OÕMeara and Evans 1983) . Though previous studies of WNV infection (viruspositive body), dissemination (virus-positive legs), and transmission (virus-positive saliva) rates in Cx. p. quinquefasciatus have been described at the end of a 12Ð21 d incubation period (IP) (Vanlandingham et al. 2004 , Jansen et al. 2008 , studies dealing with the temporal progression of the suite of characteristics contributing to vector competence for WNV are scarce. Studies on the vector competence of Culex tarsalis Coquillett and selected species for several viruses illustrate the complexity of the inßuences of the different aspects of vector competence on one another and that the dynamics of these relationships are inßuenced by environmental factors (reviewed in Hardy and Reeves 1990) . Anderson et al. (2010a) showed that WNV escaped from the midgut of Cx. p. quinquefasciatus at a greater rate with increasing IP, regardless of extrinsic incubation temperature (EIT) or initial virus dose. The same study evaluated infection rates over time and showed the relationship between infection and escape from the midgut (i.e., dissemination) was not consistent in different environments and at different IPs (range, 4 Ð12 d postinfection). Elsewhere we have reported on the complexity of vector competence for WNV because of effects of biological and environmental factors and interactions between them (Richards et al. 2007 (Richards et al. , 2009 (Richards et al. , 2010 . The current study expands on this by characterizing the relationships between several different attributes of Cx. p. quinquefasciatus vector competence for WNV over a range of IPs.
For instance, if the midgut escape barrier was not present, we would expect infection in tissues outside of the midgut (e.g., legs, thorax) to be similar or increase over time. If the midgut infection and/or escape barriers did not exist, but salivary gland infection and/or escape barriers were present, then we would expect WNV presence or titer in saliva to be lower than other tissues such as the abdomen, legs, and thorax. We would expect these patterns to vary between individuals, species, or populations because of variation in the efÞciency of the barriers (i.e., in dose needed to overcome a barrier or degradation of barriers over time).
The goal of this research was to assess the relationships between infection and WNV titer in different tissues over time to determine whether knowledge of WNV infection and virus titer in one tissue provides information about relationships to other tissues. Of particular interest was whether virus presence or titer in saliva could be predicted by infection levels in other tissues, because virus in saliva is directly related to transmission. Knowledge about the relationships between different attributes of vector competence at different IPs is essential for understanding the progression of arbovirus infectiousness in the vector and the basis for inter-and intraspeciÞc refractoriness or susceptibility of vectors. This information is necessary to identify the importance of speciÞc vectors in different environments and epidemiological cycles.
Materials and Methods
Mosquitoes. Cx. p. quinquefasciatus from a colony established from Alachua County, FL (generation F Ͼ56 ) were reared at 28ЊC and maintained under a 14:10 (light: dark) cycle as previously described (Richards et al. 2009 ). Twenty four hours before experiments, 100 adult females were transferred to each of Þve 1-liter cardboard cages with mesh screening on top, and water provided ad libitum.
Blood Meal Preparation. A T-75 cm 2 ßask of African green monkey (Vero) cells was inoculated with 0.25 ml of WNV strain WN-FL03p2Ð3 (GenBank accession number DQ983578) (passaged four times in Vero cells and one time in baby hamster kidney cells). Then, 12 ml of Medium 199 (with EarleÕs salts, 10% fetal bovine serum [FBS] , penicillin/streptomycin, mycostatin) was added to the ßask and incubated at 35ЊC in an atmosphere of 5% CO 2 . At 48 h postinoculation, one part of the supernatant was harvested and mixed with nine parts of citrated bovine blood. This experiment was conducted once and two 0.1 ml samples of the blood meal were each added to separate tubes containing 1.0 ml BA-1 diluent and stored at Ϫ80ЊC until tested to determine blood meal titer.
Mosquito Infection. Pledgets were soaked in WNVinfected blood and warmed (35ЊC) for 10 min. Mosquitoes were allowed to feed on pledgets for 30 min. Subsequent to feeding, fully engorged mosquitoes were determined visually (ca. 350 mosquitoes) and transferred to four 1-liter cardboard cages (ca. 80 Ð100 mosquitoes/cage) with mesh screening on top and maintained in incubators at 28ЊC for the duration of the experiment with 20% sugar solution ad libitum. Unfed or partially engorged mosquitoes were discarded. All mosquitoes were fed on the same day from pledgets soaked in the same WNV-blood solution to ensure a consistent dose was fed.
Blood Meal and Mosquito Processing. Incubation periods of 7, 14, and 21 d were used to represent time points that were early, intermediate, and late stages of the EIP (as deÞned by tissue-speciÞc infections) for this mosquito species, virus dose, and EIT (28ЊC) (Anderson et al. 2010a ). All mosquito dissections used aseptic techniques described previously to avoid contamination between individual tissues and mosquitoes (Richards et al. 2009 ). At each IP, Ϸ100 mosquitoes were collected randomly across cages and their legs and wings were detached using forceps and legs transferred to separate sample tubes containing 1.0 ml BA-1. Saliva was then collected from these mosquitoes in capillary tubes with immersion oil using methods described by Anderson et al. (2010b) . Subsequently, for each mosquito, thoraces were precisely separated from abdomens using a razorblade and transferred to separate tubes containing 1.0 ml BA-1. Forceps and razorblades were sterilized between each mosquito (Richards et al. 2009 ).
WNV RNA titers in abdomens were used to measure the vector competence attribute of midgut infection. Titers in the legs and thoraces were used to represent virus dissemination out of the midgut. Virus RNA in saliva was used as a measure of the attribute of transmission.
Viral Nucleic Acid Detection. Total nucleic acids were extracted from tissues and saliva (Richards et al. 2009 ) and the presence of WNV RNA was determined and quantiÞed via quantitative real-time reverse transcriptase polymerase chain reaction (qPCR) with speciÞcations described previously to estimate plaque forming unit equivalents (PFUeq) (Lanciotti et al. 2000 , Richards et al. 2007 ). The resulting titers are expressed in PFUeq/ml of mosquito homogenate and therefore do not take into account signiÞcant differ-ences in tissue volume such as between abdomens and legs. We conducted additional analyses to test for live virus in thoraces and legs of 12 mosquito samples to verify lack of infection when sample crossing points were Ͼ35 cycles. For these 12 instances, infectivity was also tested by inoculating 0.1 ml of samples into Vero cell culture.
Statistical Analysis. Vector competence was measured as follows: rates of infection (number with WNV-positive abdomens/number tested), dissemination (number with WNV-positive legs or thoraces/ number with WNV-positive abdomens), combined dissemination (number with both WNV-positive legs and thoraces/number with WNV-positive abdomens), and transmission (number with WNV-positive saliva/number with WNV-positive abdomens), as well as WNV titer (PFUeq) in abdomens, legs, thoraces, and saliva. Mosquitoes may exhibit dissemination to both leg and thorax tissues or to only one of these tissues. Hence, we refer to dissemination as infection of either the legs or thorax because infection of either tissue represents the virus disseminating out of the midgut. Rates of dissemination and transmission were determined using only mosquitoes that contained WNV in the tissue that is essential to WNV exposure to another tissue. For example, the presence of WNV in the legs, thorax, or saliva can only occur if virus is present in the abdomen, that is, virus infection of the midgut. Legs may or may not be infected for WNV to be present in saliva, because leg infection is not essential for virus transmission. The thorax must be infected for WNV to be present in saliva, because the salivary glands are located here. Hence, we use rates that describe the biological characteristic of the particular tissue. The rate described for any tissue is based on the number of mosquitoes tested with virus in another tissue that is essential for infection of the subsequent tissue. Mosquitoes that did not contain virus in a tissue required for subsequent infection of another tissue are not included in the total number tested to assess the rate. SAS statistical software was used for all analyses (SAS Institute, Cary, NC).
2 tests were used to test for signiÞcant differences (P Ͻ 0.05) in infection, dissemination, combined dissemination, and transmission rates at each IP and between IPs. Titers of abdomens, thoraces, legs, and saliva were log-transformed [log (x ϩ 1)] before analysis. Analysis of variance (ANOVA) (PROC GLM) was used to determine signiÞcant differences (P Ͻ 0.05) in titers of virus-positive abdomens, thoraces, legs, or saliva between IPs. When signiÞcant differences were observed, Duncan means comparison tests were used to determine which means were signiÞcantly different (P Ͻ 0.05).
Relationships between titers in different tissues were visualized using scatter plots, followed by correlation and regression analyses. Correlation analyses were conducted for all biologically relevant relationships using a Bonferroni correction (Curtin and Schulz 1998) to correct for multiple comparisons. Regression analyses were performed only for factors where signiÞcant correlations were observed and where information about a predictive relationship may be useful in future experiments or Þeld studies. Only mosquitoes with infected (titer Ͼ0) abdomens, thoraces, and legs were included in the correlation and regression analyses, as our goal was to identify predictive relationships between infected tissues. Significance and parameter estimates in correlation or regression analyses will be inßuenced by the clustering of the data, and may reßect differences between the groups rather than relationships within each group. To determine if there were relationships between variables within the clusters as well as between them, we divided the data into high and low titer groups. We used a threshold of three log 10 PFUeq WNV/ml in abdomens or thoraces identiÞed by visual inspection to determine natural clustering of the data. Mosquitoes below this threshold were considered "low titer" and those above "high titer." The low titer group was too small to permit separate analysis, so only the high titer group was analyzed separately. The correlation and regression analyses were repeated for the high titer group. If a mosquito fell below the threshold in either the thorax or abdomen titer, it was classed as low titer for all analyses. Leg titers exhibited a continuous distribution so the high and low titer grouping was not used for leg titer. Correlation and regression analyses are presented both with and without the low titer group for abdomens and thoraces.
Individual mosquitoes were categorized as having saliva infection or no saliva infection. At each IP, Pearson correlation coefÞcients (PROC CORR) were used to determine signiÞcant correlations (P value with Bonferroni correction Ͻ0.002) between vector competence variables, that is, titers in abdomen, legs, thorax, and saliva, as well as WNV presence in saliva.
SigniÞcant correlations between attributes of vector competence were followed by regression analyses to determine if predictive relationships could be identiÞed. Simple linear regression analyses (PROC REG) were used to determine if the titer of one tissue could predict the titer of subsequently infected tissues.
We conducted t-tests to determine if there were differences in virus titers in the abdomens, legs, and thoraces between mosquitoes transmitting (virus in saliva) or not transmitting the virus (no virus in saliva).
Results
Virus Titer of Blood Meal. Mosquitoes were fed a blood meal containing 6.8 Ϯ 0.3 log 10 (mean Ϯ SE) PFUeq WNV/ml. The results for WNV infection and titer at different IPs for each tissue type and saliva are presented in Table 1 .
Our qPCR procedure detected 12 individuals that had no WNV RNA in the thorax, but WNV RNApositive legs (using a threshold of detection Յ35 cycles). These 12 thoraces were retested via qPCR and cell culture and found to be negative for WNV RNA and WNV. In view of the questionable observation of these mosquitoes, we omitted these individuals from the statistical analyses.
WNV Infection, Dissemination, and Transmission Rates Between IPs. All (100%) of the mosquitoes had infected abdomens at all IPs. However, we observed that virus dissemination to the thorax and legs, as well as transmission in the saliva was signiÞcantly different between IPs, with signiÞcantly lower rates at 7 d compared with 14 and 21 d (dissemination to thorax: 2 ϭ 25.55, df ϭ 2, P Ͻ 0.0001; dissemination to legs: 2 ϭ 16.48, df ϭ 2, P ϭ 0.0003; combined dissemination: 2 ϭ 17.72, df ϭ 2, P ϭ 0.0001; transmission in saliva: 2 ϭ 24.82, df ϭ 2, P Ͻ 0.0001). We observed 12 individuals with uninfected thoraces (titer ϭ 0) but infected legs (N ϭ 11 at 7 d; N ϭ 1 at 14 d).
WNV Infection Rates Between Different Tissues and Saliva. There were signiÞcant differences in WNV infection rates between different tissues (abdomen, thorax, legs, combined thorax and leg, and saliva) at7d( 2 ϭ 313.14, df ϭ 4, P Ͻ 0.0001), 14 d ( 2 ϭ 318.98, df ϭ 4, P Ͻ 0.0001), and 21 d ( 2 ϭ 335.77, df ϭ 4, P Ͻ 0.0001). At each IP, the rate of mosquitoes showing a saliva infection was consistently lower than rates for abdomen, thorax, leg, or combined thorax and leg infection.
Effects of IP on WNV Titer in Different Tissues and Saliva. ANOVA showed that WNV titers varied signiÞcantly between IPs for abdomens (F ϭ 21.77; df ϭ 2, 296; P Ͻ 0.0001), thoraces (F ϭ 109.94; df ϭ 2, 283; P Ͻ 0.0001), and legs (F ϭ 128.55; df ϭ 2, 283; P Ͻ 0.0001), but not saliva (F ϭ 1.95; df ϭ 2, 52; P ϭ 0.153). Titers in abdomens and thoraces at IP Ն 14 d were signiÞcantly higher than respective WNV titers in abdomens and thoraces at 7 d. Leg titers showed a different pattern, with titers increasing signiÞcantly at each subsequent IP from 7Ð21 d.
Scatter Plots. Scatter plots (e.g., Figure 1A ) showed a small percentage of individuals with abdomens (N ϭ 2, 0.6% of total N) or thoraces (N ϭ 26, 9% of total N) with titers Ͻ3 log 10 PFUeq WNV/ml leading to bimodal distributions. These individuals (N ϭ 28) were classiÞed in the low titer group and the correlation analyses were done both with and without this group (e.g., Figure 1B) . The regression equations and trend lines for Fig. 1A and B show that the strength of association between abdomen titer and leg titer decreased when mosquitoes in the low titer group for abdomens and thoraces were excluded from the analysis. This indicates that the clustering in the data had a substantial effect on the association between abdomen and leg titers over the entire range of titers (see below for analysis within high titer group).
Of the individuals in the low titer group, 22 had low titers (Ͻ3 log 10 PFUeq WNV/ml) in thoraces, but high titers (Ͼ3 log 10 PFUeq WNV/ml) in the abdomen. In addition, 12 mosquitoes with no WNV RNA in the thorax, but WNV-positive legs generally had high abdomen titers (average 6.4 log 10 PFUeq WNV/ml).
Correlations of WNV Titer Between Tissues and With WNV Presence in Saliva. Because a large number (N ϭ 27) of correlation tests were made, a Bonferroni correction was applied for all correlation analyses so that correlations were signiÞcant when P Ͻ 0.002. When all virus-positive individuals were included, signiÞcant correlations between tissue titers were most prevalent at 14 and 21 d (Table 2) . Saliva titer and the presence of WNV in saliva were not signiÞcantly correlated with the titer of any of the other tissues (Table 2) . Removing the low titer mosquitoes from the analysis changed the correlation pattern, most notably at 7 and 21 d (Table 3 ). The titers in abdomens, thoraces, and legs were signiÞcantly correlated at 14 d, but correlations varied at 7 and 21 d. Saliva titer and the presence of WNV in saliva were still not signiÞcantly correlated with the titer in the other tissues.
Simple Linear Regression Analysis to Determine the Association of Abdomen Titer With Titers of Legs and Thoraces. Saliva titer and the presence of WNV RNA in saliva were not included in regression analyses because neither was correlated with the titer in the other tissues. When all mosquitoes with infected abdomens, legs, and thoraces were included in regression analyses, abdomen titer predicted the titers of legs and thoraces at 14 and 21 d (Table 4) . However, when low titer mosquitoes were excluded from analyses, abdomen titer predicted the titers of thoraces at both 14 and 21 d, but leg titers at only 14 d (Table 5) . Hence, the regressions with infected mosquitoes were inßuenced by the two clusters and may be showing relationships between these clusters rather than a continuous relationship between the variables. The analyses excluding low titer mosquitoes show the relationship between the variables in the region of more continuous variation. Leg titer r ϭ 0.133 r ‫؍‬ 0.664 r ‫؍‬ 0.425 Ñ Ñ Ñ Ñ Ñ Ñ P ϭ 0.186 P < 0.0001 P < 0.0001 Thorax titer r ϭ 0.116 r ‫؍‬ 0.473 r ‫؍‬ 0.720 r ‫؍‬ 0.389 r ‫؍‬ 0.572 r ‫؍‬ 0.509 Ñ Ñ Ñ P ϭ 0.957 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 Saliva titer r ϭ 0.090 r ϭ 0.224 r ϭ 0.026 r ϭ 0.201 r ϭ 0.139 r ϭ 0.055 r ϭ 0.157 r ϭ 0.208 r ϭ 0.071 P ϭ 0.376 P ϭ 0.025 P ϭ 0.796 P ϭ 0.044 P ϭ 0.169 P ϭ 0.590 P ϭ 0.119 P ϭ 0.038 P ϭ 0.488 WNV present in saliva r ϭ 0.099 r ϭ 0.238 r ϭ 0.031 r ϭ 0.220 r ϭ 0.152 r ϭ 0.059 r ϭ 0.170 r ϭ 0.224 r ϭ 0.066 P ϭ 0.329 P ϭ 0.017 P ϭ 0.762 P ϭ 0.028 P ϭ 0.130 P ϭ 0.562 P ϭ 0.092 P ϭ 0.025 P ϭ 0.517
All individuals are included in analyses. SigniÞcant P values (P Ͻ 0.002 calculated using Bonferroni correction) in bold.
Comparison of WNV Titer in Tissues for Mosquitoes With Virus-Positive or -Negative Saliva.
The relationships between WNV titer in mosquito abdomens, legs, and thoraces with WNV in saliva (transmitters) compared with mosquitoes that did not have WNV in their saliva (nontransmitters) changed depending on the IP (Fig. 2) . Because there were only two mosquitoes at 7 d with concurrent abdomen, thorax, leg, and saliva infections, this IP was not analyzed further. Abdomen WNV titers (7.0 Ϯ 0.1 log 10 PFUeq/ ml) of mosquitoes that transmitted WNV were significantly higher than abdomen titers of nontransmitters (6.7 Ϯ 0.1 log 10 PFUeq/ml; t ϭ 2.86; P ϭ 0.003) at 14 d, but not at 21 d (6.7 Ϯ 0.1 log 10 PFUeq/ml and 6.7 Ϯ 0.1 log 10 PFUeq/ml, respectively; t ϭ 0.367; P ϭ 0.358).
Leg titers showed a similar pattern to abdomen titers at 14 d with signiÞcantly higher titers (5.0 Ϯ 0.1 log 10 PFUeq/ml) in mosquitoes that transmitted WNV, compared with leg titers of nontransmitters (4.7 Ϯ 0.1 log 10 PFUeq/ml; t ϭ 1.98; P ϭ 0.025). At 21 d, leg titers of transmitters (5.1 Ϯ 0.1 log 10 PFUeq/ml) were not different from nontransmitters (5.0 Ϯ 0.1 log 10 PFUeq/ml; t ϭ 0.86; P ϭ 0.196).
At 14 d, thorax titers were signiÞcantly higher (t ϭ 3.43; P ϭ 0.0005) in mosquitoes that transmitted WNV (7.3 Ϯ 0.1 log 10 PFUeq/ml), compared with nontransmitters (6.7 Ϯ 0.2 log 10 PFUeq/ml). However, no differences were observed between thorax titers in WNV transmitters (7.0 Ϯ 0.1 log 10 PFUeq/ml) and nontransmitters (6.9 Ϯ 0.1 log 10 PFUeq/ml) at 21 d (t ϭ 0.945; P ϭ 0.174).
Discussion
Our results demonstrated that relationships between different attributes of Cx. p. quinquefasciatus competence for WNV change depending on the IP. Other studies on Cx. p. quinquefasciatus (Richards et al. 2007 (Richards et al. , 2009 (Richards et al. , 2010 have shown that the environment has signiÞcant effects on vector competence. Here, we show that there are periods during the EIP when WNV infection and/or titer in one tissue, for example, abdomens and/or thoraces, is correlated with infection and/or virus titer in another tissue. However, the titer and the presence of WNV RNA in the saliva showed no such relationship with these other tissues.
Viral RNA quantiÞed via qPCR measures both infectious and noninfectious virus particles. Previous studies have shown that PCR can detect viral RNA in vertebrate blood that is not infectious to a vector arthropod upon blood feeding (Tabachnick et al. 1996) . Portions of the viral RNA detected in some of our mosquitoes may have been noninfectious particles. If some mosquitoes reported as disseminated infections by qPCR were not infectious virus this would explain why some mosquitoes in our studies with disseminated infection did not transmit. We do not believe this is likely because: (1) if noninfectious viral RNA was signiÞcant then both infectious replicating particles and noninfectious viral RNA accumulates in infected mosquitoes resulting in increasing accumulation over time because of remnant RNA and viral replication. There is no evidence for this because Regressions were only carried out for relationships where correlations were signiÞcant. All individuals with infected abdomens, legs, and thoraces are included in analyses. SigniÞcant P values (P Ͻ 0.05) in bold. Outliers have been removed (individuals with abdomen or thorax titers Ͻ 3 log 10 PFUeq WNV/ml are not included in analyses). SigniÞcant P values (P Ͻ 0.002 calculated using Bonferroni correction) in bold.
WNV RNA in thoraces plateaued at 14 d. However, it is difÞcult to prove or disprove this because of the dynamic relationship between RNA production and degradation over time that was not tested here. (2) WNV RNA in legs increased from 7 to 21 d, consistent with the possibility of the accumulation of both live virus and remnant virus RNA. Further, mean leg titers at 14 d were higher in transmitters compared with nontransmitters consistent with the possibility that the nontransmitting mosquitoes did not have live virus in their legs and may not be disseminated infections of live virus. However, at both 14 and 21 d, there were individual nontransmitting mosquitoes where the leg titers were as high as or higher than transmitters supporting the presence of live WNV.
Others have shown that mosquitoes with disseminated infections do not always transmit the arbovirus (e.g., Ortiz et al. 2008 , Kramer et al. 2011 . In our study, we hypothesize several explanations for the failure of mosquitoes with disseminated infections to transmit WNV. These include: (1) noninfectious particles interfered with the ability of the infectious particles to enter and escape the salivary glands, (2) there were differences between mosquitoes in the salivary gland infection and/or escape barriers that prevented mosquitoes with thorax infections to transmit, and/or (3) bits of thorax tissue contaminated the leg samples so these were not true leg infections. Our studies cannot discriminate between the Þrst two explanations. The third explanation is less likely because care was taken to ensure this did not occur, the coxa (basal segment of the leg) is not removed during leg dissections, and similar studies by others show little indication that this is a major concern (e.g., Tiawsirisup et al. 2005 ). However, it remains possible and would have to be considered for all similar experiments characterizing virus in diverse tissues. It is not possible to compare the titers between the different tissues because there is variation in the amounts of tissue that inßuences the amount of virus in the sample. Hence, we report results in PFUeq ml per tissue homogenate. Our analysis focused on examining potential relationships between titers in different tissues, which would include such calibration factors in the regression parameters.
Mosquitoes with low or zero WNV titer in their thoraces with high abdomen titers is consistent with the possibility of a barrier to infection and/or virus replication to the thorax tissues in these mosquitoes. A threshold of midgut WNV infection may be necessary in Culex for subsequent virus dissemination (Girard et al. 2004) or transmission (Reisen et al. 2006 ) to occur. The lowest body, leg, and thorax titers occurred most frequently at the shortest IP, 7 d, which had 71% of the total of low titer mosquitoes and hence the lowest dissemination, combined dissemination, and transmission rates compared with the other IPs. This is consistent with temporal progression of virus in the vector reported in other vector-virus systems (Mellor 2000, Kuno and Chang 2005) .
The observation of 12 mosquitoes with no WNV-RNA in the thorax and WNV in the legs is puzzling and requires further investigations to determine if: (1) The 12 leg samples are false positives, (2) The observed data are correct, or (3) The 12 thoraces are false negatives. Alternatively, for some unknown reason, the virus may have degraded to a greater extent in the thorax compared with legs, thereby rendering it undetectable in the thoraces.
Abdomen titer consistently predicted thorax titer at the 14 and 21 d IPs, suggesting that virus replication in abdomens and thoraces progressed similarly once each tissue was infected. Once WNV overcame the MIB and dissemination occurred, there was a predictive relationship between replication in the abdomen and replication in the thorax. Some of the thorax infections could be because of the anterior portion of the midgut that is contained in the thorax region. However, this is unlikely because the relationship between abdomen and thorax infection was only apparent at the later 14 and 21 d IPs that is understandable because thoraces are infected later than abdomens so that replication in thoraces is delayed.
A few studies have investigated a predictive relationship between the vector competence attributes of infection, dissemination, and transmission. Studies with Cx. p. pipiens Linnaeus (Turell et al. 2000 showed that a large proportion of mosquitoes with disseminated infection to the legs transmitted WNV to animals after a 12 d IP. These same studies demonstrated that there was little evidence for salivary gland infection and escape barriers under these conditions. Conversely, only 25% of Cx. p. pipiens fed virus similar to our virus dose (6.5 logs Regressions were only carried out for relationships where correlations were signiÞcant. Low titer mosquitoes (individuals with abdomen or thorax titers Ͻ 3 log 10 PFUeq WNV/ml) are not included in analyses. SigniÞcant P values (P Ͻ 0.05) in bold.
CID 50 (50% chicken infectious doses)/ml) and with disseminated infections (i.e., one mosquito with virusinfected saliva/four mosquitoes with virus infected legs) transmitted WNV to capillary tubes after a 14 d IP (Tiawsirisup et al. 2005 , recalculated from their Table 2 ). This is similar to our observations with Cx. p. quinquefasciatus saliva. Reisen et al. (2006) showed that female Cx. tarsalis with body WNV titers Ͻ3 log 10 PFU WNV/ml did not transmit WNV to capillary tubes. These studies collectively show evidence of a salivary gland infection and/or escape barrier. It is possible that the differences between the latter studies and those reporting no salivary gland infection and escape barriers using animals are because of using capillary tubes compared with an animal to assess transmission. Cx. tarsalis and Cx. p. pipiens transmitted more WNV to animals compared with the capillary tube method ). Conversely, Aedes albopictus Skuse and Ochlerotatus (Aedes) taeniorhynchus Wiedemann transmitted more Venezuelan equine encephalitis virus using the capillary method compared with animals (Smith et al. 2006) . However, there were also methodological differences between these studies with 1:1 FBS:sucrose in capillary tube and WNV detected by plaque assay ) compared with immersion oil in the capillary tubes and Venezuelan equine encephalitis virus detected by qPCR (Smith et al. 2006) . The low transmission to capillary tubes by Cx. p. pipiens may be because of the use of FBS:sucrose in the tubes because Culex spp. have a hydrophobic proboscis and are more likely to salivate into immersion oil, while saliva can be collected from Aedes spp. and Ochlerotatus spp. using either oil or water-based media (Colton et al. 2005, Colton and Nasci 2006) . Hence, different media in capillary tubes could affect the amount of saliva excreted. Furthermore, plaque assay detects only live virions while qPCR detects live and dead virions and degraded viral RNA. A greater number of virus particles may die during the longer salivation period (ca. 30 Ð 45 min) required in the capillary tube method compared with the animal method (ca. 3Ð11 min) and these dead virions in the capillary tube would go undetected using plaque assay. Hence, our system using qPCR and capillary tube collection would overestimate WNV detection. The absence of WNV in saliva transmitted to capillary tubes is not likely because of our method. It remains possible that host factors elicit more virions in saliva than capillary feeding, or more likely, that the differences observed using different species and viruses are the result of variation between mosquitoes and viruses. This should be studied further.
The Cx. p. quinquefasciatus we studied did not have either a MIB or MEB because Ն98% of the mosquitoes had WNV RNA in their abdomens, thoraces, and legs at Ն14 d. However, the increasing prevalence of WNV RNA in leg and thorax tissues over time showed that virus replication in these tissues was still increasing at 7 d. While transmission rates signiÞcantly increased between the 7 d IP (2%) and later IPs (Ն23%), saliva titers did not change with IP, indicating that WNV titer in the saliva of this colony of Cx. p. quinquefasciatus under the test conditions may plateau quickly after infection of the salivary gland. Girard et al. (2007) also observed that WNV titers in Cx. p. quinquefasciatus saliva did not change between 7Ð28 d at 28ЊC. However, signiÞcant differences were observed in WNV titers in Cx. p. quinquefasciatus saliva between IPs of 14 and 21 d at 26ЊC (Vanlandingham et al. 2004) and in Cx. tarsalis between IPs ranging from 2 to 35 d and EITs ranging from 14 Ð30ЊC (Reisen et al. 2006 ). These observations collectively provide evidence for a SIB and/or SEB that varies between populations, species, and environmental conditions. These barriers affect both virus presence and viral titers at different IPs.
Mosquitoes with WNV RNA in saliva had higher average PFUeq titers in abdomens, legs, and thoraces than mosquitoes without WNV RNA in saliva, but only at 14 d. Similar results were reported in WNV-infected Cx. tarsalis where higher body titers were observed in transmitters compared with nontransmitters and this relationship changed with time (Reisen et al. 2006) . Although this observation may be the result of speciÞc conditions during the current study, further work will be needed to determine if this IP may be useful in predicting transmission rates from titers of other mosquito tissues. Higher average titers in the tissues of transmitters were not seen at 21 d and titers in abdomens and thoraces began to decrease from 14 to 21 d, consistent with virus-induced apoptosis occurring with time reported elsewhere (Girard et al. 2007 ). Some individual mosquitoes that did not transmit had WNV RNA titers as high as transmitters. Further work should be done to evaluate these differences and explore the barriers to transmission by the salivary glands.
The primary goal of this study was to assess the relationships between different attributes of Cx. p. quinquefasciatus vector competence for WNV at different periods of the infection process. Information about these relationships is important to improve laboratory characterizations of vector competence and may also be used to better understand mosquito vector competence in nature. For example, does the WNV titer of one mosquito tissue provide information about the titer or presence of WNV in another tissue or saliva and is this inßuenced by biological and environmental factors? Certainly, the presence of WNV in the abdomen and thorax is a prerequisite for infection of the saliva. This does not necessarily mean a quantitative relationship between virus titers in different tissues, at one time point, are likely or can be identiÞed. However, the Cx. p. quinquefasciatus in this study also had SIBs or SEBs so that WNV presence in saliva was not inßuenced by the titer of another tissue. Even some mosquitoes with high titer in the thorax did not have WNV in the saliva. Further work should evaluate the relationship between infection of thorax tissues (MEB), the salivary glands (SIB), and saliva (SEB). To better understand these relationships, future studies should consider the entire EIP and investigate if there is a time-lagged predictive relationship between infections of different tissues. We expect these relationships to differ between different populations and under different experimental conditions. However, if some trends in relationships between the infections of different tissues are evident under a range of conditions, then predictive relationships will follow.
Knowledge of the relationships between attributes of vector competence is essential for understanding the process of vector competence and how vectorvirus interactions contribute to epidemiology. We have shown that the relationships between infection, dissemination, and transmission vary through the infection cycle and this will affect our understanding of vector competence and perception of natural infections. It is generally accepted that not all virus-infected mosquitoes can transmit (e.g., Rutledge et al. 2003 , Girard et al. 2004 , Vanlandingham et al. 2004 and studies that focus only on vector infection rates may not provide useful information for understanding epidemiology (Bustamante and Lord 2010) . Here, we show that assessing transmission in the laboratory is a complex undertaking. The WNV transmission potential of Cx. p. quinquefasciatus, though dependent or related to the virus titer in the thorax in particular, may not be dependent or consistently predicted by the virus titer in other tissues. The processes of salivary gland infection and escape of WNV into saliva are not directly inßuenced by the amount of virus in tissues surrounding the gland. We have no doubt that there will be variation in these features between species, populations, and in different environments, only emphasizing the complexity of these processes as we have reported previously (Richards et al. 2007 (Richards et al. , 2009 (Richards et al. , 2010 . Further studies are needed to elucidate the diverse and complex mechanisms involved in vector-virus interactions that comprise vector competence. Studies are needed on the inßuence of variation in these mechanisms and the environmental factors that inßu-ence the mechanisms, as well as studies on the temporal dynamics of these processes in natural vector populations. Mosquitoes play a signiÞcant role in arboviral transmission cycles and understanding vectorvirus dynamics is essential for protecting public health.
